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Abstract: This paper presents fatigue crack growth behaviour in titanium alloy Ti-6Al-4V built 
by the Wire + Arc Additive Manufacture (WAAM®) process. Process induced residual stress 
and stress relief by cold working were measured by neutron diffraction and contour methods. 
Residual stress retained in the compact tension test specimens was evaluated by the finite 
element method based on the measured stresses in the WAAM wall. Fatigue crack growth rate 
in as-built and stress relieved conditions are discussed with respect of the effects of material 
build orientation, residual stress, and microstructure characteristics. Key conclusions are: (a) 
residual stresses arising from the WAAM process can be controlled and reduced significantly 
by cold working. Residual stress retained in compact tension specimens is low, resulting in low 
residual stress intensity factor. (b) Microstructure affects fatigue crack growth rate in two 
different material’s build orientations. (c) Fatigue crack growth rate in WAAM Ti-6Al-4V is 
lower than that in traditional wrought plate, with and without the residual stress relief. 
Therefore, WAAM is a viable additive manufacture process to produce aerospace titanium 
alloys for damage tolerance design.    
 
 
INTRODUCTION 
 
Ti-6Al-4V (Ti-6-4) titanium alloy has been used in the aerospace industry owing to its high strength, excellent 
resistance to fatigue, corrosion and elevated temperature, and good compatibility with carbon fibre composites 
that are increasingly used in the airframes of new generation commercial aircraft. Since titanium is very 
expensive and difficult to machine, building parts by additive manufacture (AM) has become very attractive 
owing to the significant reduction in the costs of material and tooling, as well as the machining time and effort. 
Powder bed fusion technologies also have the advantages of building complex shapes and geometry freedom [1]. 
AM can be an economically and environmentally superior option to the traditional methods of machining from 
cast or forged billets [2,3].  
 
This paper focuses on the Wire + Arc Additive Manufacture (WAAM®) process that works by feeding a wire at 
controlled rate into an electric arc to melt the wire onto a substrate or previously deposited layers. Compared 
with powder-based AM methods, the key advantage of WAAM is that it can produce large, near net shape parts 
with a deposition rate of several kilograms per hour, at acceptable cost and in reasonable times [4,5].  
 
One of the main barriers to the widespread application of additive manufacture to aerospace components is the 
lack of systematic knowledge of the mechanical properties, particularly the fatigue and fracture response under 
the service load conditions, which are a key requirement for product qualification and certification, especially for 
flying parts. To date, there are a number of published works on the high cycle fatigue and fatigue crack growth 
behaviour in powder based AM titanium alloys [e.g. 6-11] and also wire based AM titanium [12]. In the four 
AM processes reported in the open literature (i.e. EBM, LENS, SLM, and WAAM), AM produced Ti-6-4 alloys 
show slower or comparable crack growth rates with reference to wrought plates or sheets. This is true for all the 
four processes, although SLM Ti-6-4 must be heat treated to relieve residual stresses, and eliminate defects such 
as lack-of-fusion or porosity, in order to have the comparable crack growth rate. On the other hand, previous 
research on WAAM Ti-6-4 shows that cold working (rolling) can improve the microstructure, static strength and 
reduce the residual stresses [13-15]. 
 
On the wire based AM processes, research has been performed by the authors on various aspects of fatigue and 
fracture performance of WAAM Ti-6-4 aiming at controlling the residual stress and developing qualification 
methods for this new material class under the fatigue loads for airframe applications. Our work has included the 
following aspects: (a) fatigue crack initiation from stress concentration sites, (b) fatigue crack growth (FCG) 
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behaviour, (c) residual stress relief by in-process cold working, and (d) developing FCG life prediction methods. 
In this paper, only the fatigue crack growth behaviour will be reported owing to the page limit. This includes the 
fatigue crack growth rate and crack propagation path under constant amplitude loads. Finite element analyses 
were performed to study the effect of material anisotropy on the stress intensity factor due to the applied load 
and the stress intensity caused by the AM process induced residual stress. Experimental test results are analysed 
in the light of residual stress and microstructure analysis.     
 
 
METHODS 
 
Experimental 
WAAM walls of 8 mm nominal thickness were built by single pass WAAM process deposition on to a wrought 
material baseplate, Figure 1a. Residual stresses induced by the additive manufacturing process have caused out-
of-plane distortion, Figure 1(b). All walls were machined and polished on both faces to remove surface 
roughness before extracting test specimens. After machining and polishing, the thickness was 5 mm. 
 
Figure 1. (a) A WAAM wall showing deposited layers built on a wrought material baseplate; (b) 
schematic of out-of-plane distortion as the consequence of residual stresses in WAAM process. 
 
Four compact tension, C(T), specimens were extracted from each wall. Specimen orientation is defined 
according to the starter crack orientation with respect to the WAAM deposited layers. Two specimens have 
initial crack along the additive layers and two with crack across the layers as show in in Figure 2a. Geometry and 
dimensions of C(T) specimen are shown in Figure 2b. Thickness of all C(T) specimens is 5 mm and the 
characteristic width (W) is 70 mm that is the distance from the loading hole centre line to the specimen edge and 
is often quoted for the C(T) geometry.  
  
Residual stress in WAAM walls was evaluated using the neutron diffraction method. Details can be found in 
[16] and key results are summarised in the following section. Residual stress retained in the C(T) specimens 
extracted from the walls were measured by the contour method. Microstructure characterisation was performed 
by optical microscope and scanning electron microscope (SEM). Effect of microstructure on crack propagation 
rate and crack path is discussed in next section. 
 
Figure 2. (a) Schematic of extracting C(T) specimens from a WAAM wall; two crack orientations: crack 
growth along the additive layers (left) and crack across the layers (right). (b) detailes of C(T) specimens 
used for fatigue crack growth tests (unit: mm; thickness = 5 mm). 
 
Finite element analysis 
Finite element analysis (FEA) was performed to evaluate (a) retained residual stresses in the C(T) specimens 
based on the measured of residual stresses in the WAAM wall, (b) the influence of material anisotropy, i.e. the 
difference in the elastic modulus between the two build orientations, on the crack tip stress intensity factor (SIF). 
Other mechanical properties, e.g. the yield strength and ductility, are also direction dependent. However, they 
will not affect the stress intensity factor values using the theory of linear elastic fracture mechanics.  
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RESULTS 
 
Residual stress analysis 
Residual stress in WAAM wall and stress relief by cold rolling. Residual stresses in WAAM walls built on a 
baseplate in as-build and cold rolled conditions with rolling force of 50 or 75 kN were measured and shown in 
Figure 3. Neutron diffraction method was used for the measurement [16]. Peak residual stress in the as-build 
condition is about 500 MPa. Residual stress is significantly reduced to below 300 MPa by applying a rolling 
force of 50 to 75 kN (Figure 3). 
 
 
 
Figure 3(a). Longitudinal residual stress measured by contour method and comparison with the 
neutron diffraction (N.D.) measurements of the control sample [16]. 
 
 
 
Figure 3(b). Contour maps of residual stress for the same case in Figure 3a: (left): control; samples 
rolled using the profiled roller with a load of 50 kN (middle) and 75 kN (far right) [16]. 
 
 
Residual stresses retained in C(T) specimens. Residual stress profile in another as-built WAAM wall is shown in 
Figure 4. The height of the WAAM part is 110 mm, and without in-process cold working. The stress is in the 
longitudinal direction of the wall that is the welding torch movement direction. The stress was measured by the 
contour method [17] as well as calculated by thermal mechanical FE analysis [18].  
Some of the C(T) specimens presented in this paper were extracted from the “as-built” walls of 145 mm height 
with residual stress profile like those shown in Figure 4. Some of the residual stress will be released when 
extracting smaller C(T) specimens from the WAAM wall. This is owing to the material removal process when 
extracting smaller C(T) specimens from the wall. The magnitude and distribution of retained residual stresses in 
C(T) specimens were evaluated by FEA [14]. The FE model of the wall and C(T) specimen locations are shown 
in Figure 5. The geometry and dimensions of C(T) specimens are the same as Figure 2b, and the positions of the 
specimen types AL (across layers) and PL (parallel to layers) are shown in Figure 5. Solid elements (second 
order element designated as C3D20 in ABAQUS) were used to mesh the model. The size of element is 3 × 3 × 3 
mm3. Young’s modulus of 113.8 GPa an Poisson’s ratio of 0.34 are used for the material properties. Boundary 
conditions just constrain the rigid body movement but allow deformation in any direction to simulate the 
specimen extraction process. The longitudinal residual stress shown in Figure 4 was applied to whole area of FE 
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model of the wall by using the SIGINI subroutine. After removing the elements surrounding the C(T) specimens, 
residual stresses along the crack path from the notch root were found as shown in Figure 6. 
 
 
 
Figure 4. Residual stress profiles in a WAAM wall and baseplate (substrate) evaluated by the 
contour method (experimental) and also thermal mechanical analysis [18]. 
 
 
 
 
Figure 5. Finite element models of a WAAM wall and extraction of several C(T) specimens of two 
crack orientations [18]. 
 
 
 
 
Figure 6. Residual stress profiles in C(T) specimens of two different orientations. In this figure, 
AL means crack across layers, PL means crack parallel to layer, i.e. along layers [18]. 
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Stress intensity factor calculations 
Crack growth driving force the stress intensity factor (Ktotal) resulting from the applied load (Kapp) and residual 
stress (Kresid). FE analysis using two different Young’s modulus in the two major directions with respect to the 
WAAM build direction shows that with a difference of 5.6% in the elastic modulus, the calculated Kapp is within 
1% over a crack length range of 17 to 56 mm [18]. In terms of the crack growth driving force SIF, effect of 
material anisotropy in the additive manufactured titanium is very small. Therefore, isotropic material properties 
are used in the fracture mechanics analysis in this study.  
Stress intensity factors owing to the residual stress in two crack orientations were also calculated by FEA using 
two specimen types: crack growth across the layers (denoted as AL specimen in [18]), and crack growth in 
parallel to the layers (PL specimen). Two-dimensional plane stress elements were used to simulate the stress 
intensity factors in the specimens. Residual stress field was applied to the FE model of WAAM wall by directly 
inputting the corresponding residual stress values to the wall model. C(T) specimen extraction was modelled by 
material removal. The crack tip stress intensity factors due to residual stress, Kres, were obtained by subtracting 
Kapp from the Ktot. Calculated SIF (Kres) are shown in Figures 7 and 8 for the two crack orientations, AL and PL.  
 
Residual stress intensity factor (Kres) is small with the highest value being 5.5 MPa√m at the notch tip. For the 
PL specimen, there is a small amount of mode II Kres, about 0.5 MPa√m, owing to the unsymmetric distribution 
of residual stress with respect to the crack centre line. The value of Kres also depends on the position where the 
C(T) is extracted, as shown in Figure 8, i.e. 28 or 67 mm from the interface of WAAM wall with the baseplate.    
 
 
Figure 7. Crack growth across the additive layers (defined as “AL” specimen in [13]): (a) positions of C(T) 
specimen FE model in residual stress field of the WAAM wall model (indicated by colour stress maps on 
both side of the CT), (b) calculated mode I stress intensity factor due to residual stress in the C(T) [18]. 
 
 
 
 
Figure 8. Crack growth in parallel to the additive layers (“PL” specimen = crack along the layers): (a) 
positions of C(T) specimen FE model in measured residual stress field of the WAAM wall (indicated by 
colour stress maps on both side of the CT model), (b) FE calculated mode I and mode II stress intensity 
factors due to residual stress in the C(T), which has two positions, 28 or 67 mm from the baseplate [18]. 
 
 
Fatigue crack growth rates (FCGR) 
Measured fatigue crack growth rates are shown in Figure 9 for as-built WAAM and compared with two 
reference materials produced by traditional manufacture methods, wrought and cast Ti-6-4.  
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Direction dependent material properties found in the static load tests was found having negligible effect on the 
crack tip stress intensity factor. Residual stress influence is also small owing to stress release after extracting 
small C(T) specimens from the wall. Therefore, the difference in fatigue crack growth rate between the two 
crack orientations is ascribed to the microstructure difference. Two observations are made:  
a) The layer banding appearance shows a systematic and repetitive variation in the size of the  lamellae along 
the build direction, resulting in more resistance to crack propagation across the layers (AL) than crack being 
along or parallel to the layers (PL). For the AL type specimens, a propagating crack tip encounters the 
continuous variation of the  lamellae size that should slow down the crack growth rate, Figure 10. However, the 
longitudinal residual stress is perpendicular to the crack plane, increasing the crack growth driving force with 
resulting Kres being about 5 MPa√m. The interaction has resulted in similar crack growth rates in the two crack 
orientations in the geometry and size tested (Figure 9). Crack across the layer has slower growth rate when Kapp 
is lower than 20 MPa√m owing to the effect of microstructure. Microstructure effect on FCGR disappears when 
crack is longer. In this study it is when Kapp is greater than 20 MPa√m.  
b) Figure 9 also shows that wrought alloy’s FCGR is greater than that of the WAAM, and the cast alloy has the 
slowest FCGR. The reason is also the microstructure difference; crack growth path in wrought (a fine equiaxed 
grain structure) is straight and smoother than in WAAM (a coarse lamellar grain structure), whereas cast Ti-6-4 
has coarse lamellar grain structure that is similar to the WAAM Ti-6-4 tested in this study.  
 
Effect of in-process cold work on crack growth rate. Fatigue crack growth rates (FCGR) in the cold worked 
specimens (rolling force 75 kN) are shown in Figure 11. Two crack orientations were studied by testing two 
specimens in each case: crack across layers and crack along the layers. The following observations can be made. 
(a) For the rolled specimens: the difference between the two crack orientations is little except when Kapp is 
below 18 MPa√m. Under constant amplitude load, this means the crack being small, so the grain structure is 
making the difference as discussed around Figure 10 for the as-built specimens. (b) The difference in FCGR 
between the rolled and the as-built specimens (Figure 9) is also small because the rolled samples were tested at a 
higher stress ratio R = 0.5, whereas the as-built samples were tested at R = 0.1. For a given applied SIF range 
(the x-axis), higher stress ratio means higher mean stress; hence greater crack growth rate. However, the rolled 
samples at R = 0.5 had almost the same crack growth rates as the as-built at a much lower R ratio. Therefore, it 
can be said that in-process rolling has effectively reduced the crack growth rate owing to reduced residual 
stresses (Figure 3), and also owing to the superior mechanical performances (higher proof and ultimate 
strengths) that is reported in the literature [13-15].    
 
 
 
 
Figure 9. Crack growth rate in as-built specimens; two tests in each case. 
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Figure 10. Microstructure of WAAM Ti-6-4: (a) upper part, (b) bottom part of a layer band 
 
 
Figure 11. Crack growth rate in rolled specimens (two tests each case) and reference wrought material. 
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CONCLUSIONS 
 
• Residual stress in WAAM walls can be relieved significantly by the in-process rolling process.  
 
• Residual stress retained in the C(T) specimens of 84 x 84 mm size is low owing to stress release when  
   extracting the test specimen from the WAAM wall. This has led to low value of residual stress intensity factor. 
 
• Fatigue crack growth rate (FCGR) in WAAM Ti-6Al-4V is slower than that of reference wrought plates.  
   Therefore, for damage tolerant design, WAAM appears to be a viable candidate manufacturing process.  
 
• Microstructure effect causes direction dependent crack growth rate, which is slower when crack propagates  
   across the additive build layers comparing to crack growing along the layers. However, the difference is small.   
 
• FE model presented in this study can account for the effects of material anisotropy, material orientation and  
   residual stress, which can be further developed for damage tolerance analysis of additive manufactured metals.  
Coarse  (top of a layer band) Fine  (bottom of a layer band)
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